Six plasmids carrying a snowdrop lectin (Galanthus nivalis agglutinin, GNA) and one of three selection markers were successfully transferred into two sugarcane cultivars (FN81-745 and Badila) via Agrobacterium-mediated transformation. Agrobacterium strains LBA4404, EHA105 and A281 that harboured a super-binary vector were used for sugarcane transformation. The use of the hygromycin (Hyg) resistance gene (hpt II), phosphinothrincin (PPT) resistance gene (bar) or G418 resistance gene (npt II) as a screenable marker facilitated the initial selection of GNA transgenic sugarcane callus with different efficiencies and helped the rapid segregation of individual transformation events. All the three selective marker genes were controlled by CaMV 35S promoter, while GNA gene was controlled by promoter of RSs-1 (rice sucrose synthase-1) or Ubi (maize ubiquitin). Factors important to successful transformation mediated by Agrobacterium tumefaciens were optimized, which included concentration of A. tumefaciens, medium composition, co-cultivated methods with plant tissue, strain virulence and different selective marker genes. An efficient protocol for sugarcane transformation mediated by A. tumefaciens was established. The GNA gene has been integrated into sugarcane genome as demonstrated by PCR and Southern dot blotting detections. The preliminary results from bioassay demonstrated a significant resistance of the transgenic sugarcane plants to woolly aphid (Ceratovacuna lanigera Zehnther) indicating thus the possibility for obtaining a transgenic sugarcane cultivar with resistance to woolly aphid.
Introduction
It has been proven that snowdrop lectin (Galanthus nivalis agglutinin; GNA) is toxic to aphids, leafhoppers, white flies, frog hopper and scale which belong to sap sucking pests as well as some chewing pests such as tomato moth (Hogervorst et al. 2006; Luo et al. 2005; Wang et al. 2005) . GNA is also toxic to many kinds of nematode including Longidoridae, Trichodoridae, Anguinidae, Dolichodoridae, Belenolaimidae, Pratylenchidae, Hoplolaimidae, Heteroderidae, Crconematidae, etc., in total 13 genera (Geoghegan et al. 1995) . GNA gene was transferred into potato (Bell et al., 2001; Down et al. 2001) , rice (Rao et al. 1998; Sudhakar et al. 1998; Tang et al. 1999) , tomato (Wu et al. 2000) and sugarcane (Setamou et al. 2002; Tomov & Bernal 2003) . GNA transgenic plants showed resistance to peach aphid (Myzus persicae), larvae of the tomato moth (Lacanobia oleracea), potato aphids (Aulacorthum solani) and rice brown planthopper (Nilaparvata lugens) (Gate-house et al. 1996; Fitches et al. 1997; Foissac et al. 2000) .
Sugarcane woolly aphids (Ceratovacuna lanigera Zehnther) spread almost in all the sugarcane fields. Large numbers of the aphids gather on the back of sugarcane leaves to suck sap, which makes the leaves yellow and withering. This even results in soot disease, too. Usually aphid damage decreases about 40% of sugar production. It is difficult to control sugarcane woolly aphids by traditional methods because they propagate rapidly and disseminate virus. In contrast, genetic engineering enables exterior gene resistance to pests expressed in plants by transformation. In order to control aphids it will be an accessible alternative pathway. Nowadays suitable protocols for sugarcane direct transformation by particle bombardment are available (Bower et al. 1996; Zhang et al. 2000) . Direct transformation procedures, such as particle bombardment and electroporation, have several disadvantages because of poor reproducibility, variable transgene copy number, and the instability of the gene construct in the new host. These limitations make Agrobacterium-mediated transformation an increasingly common procedure for transferring foreign genes into plants, especially for monocot plants (Belarmino & Mii 2000) .
Whereas Agrobacterium tumefaciens infection system for sugarcane transformation is not perfect, a few protocols for sugarcane transformation mediated by Agrobacterium tumefaciens were established (Arencibia et al. 1998 ). However, Agrobacterium-mediated transformation provides some advantages in comparison with direct transformation methods, such as: (i) simple, economical and efficient procedure; (ii) integration of low copy numbers of the gene into the plant chromosomes; and (iii) transfer of relatively large segments of DNA with little rearrangement (Wei et al. 2003; Manickavasagam et al. 2004; Santosa et al. 2004) .
The objective of this work was to optimize the Agrobacterium-mediated system for sugarcane transformation, and to transfer the GNA gene into sugarcane in order to obtain the transgenic plants with resistance to woolly aphid.
Material and methods

Plant materials
Embryogenic calli of sugarcane (Saccharum L.) cultivar "FN81-745" (sugar use) and "Badila" (fruit use) were initiated and selectively subcultured on M1 medium (MS salt with addition of 1 mg/L 2,4-D (2,4-dichlorophenoxy acetic acid)) according to Luo et al. (2002) in the dark and at 27 • C constant temperature. The meristematic explants for callus production were derived from very young shoots (3-7 months) of a healthy sugarcane plant. Explants were placed on callus induction medium M0 (MS salts plus 3 mg/L 2,4-D). The Petri dishes with explants were incubated under sterile conditions in the dark at 27 • C for 25 days, then the explants were transferred into medium M1 (see above) for callus proliferation, and incubated in the same conditions. Construction of plasmid vectors containing GNA gene cassette and bacterial strains Plasmids pC10RG and pC10UG (provided by Prof. Kexuan Tang) contained GNA gene under the drive of phloem specific expression promoter (rice sucrose synthase-1, RSs-1) and constitutive expression promoter ubiquitin (Ubi), respectively. Hygromycin (Hyg) resistance gene (hpt II) was used as selective marker gene controlled by CaMV35S promoter (35S p) and CaMV35S poly A (35S t). Plasmids pC10RG and pC10UG were digested by BamHI and SacI separately to produce two GNA cassettes: RSs-1-GNA-Nost and Ubi-GNA-Nost, which were ligated into BamHI/SacI site of plant vectors pC30 and pC20 to generate pC30RG, pC30UG, pC20RG and pC20UG. Plasmids pC30RG and pC30UG contain phosphinothycin (PPT) resistance gene (bar). pC20UG and pC20RG contains G418 resistance gene (npt II) as screening marker gene.
Structures of all the six GNA vectors (pC10RG, pC10UG, pC30RG, pC30UG, pC20RG and pC20UG) are illustrated in Figure 1 . The vectors were introduced into three strains of Agrobacterium EHA105 (pTiBo542), LBA4404 (pTOK233) and A281 (pTiBo542) by direct CaCl2 transformation methods with similar E. coli transformation. The recipient Agrobacterium cells were selected on YEP medium solidified with 1.5% (w/v) bacto-agar (SABC) containing 50 mg/L rifampicin, 25 mg/L streptomycin, 50 mg/L kanamycin (pC30RG, pC30UG, pC10RG and pC10UG) or 34 mg/L chloramphenicol (pC20RG and pC20UG), and incubated at 28 • C in the dark. The transformed Agrobacterium were detected by PCR and dot blot hybridization.
Preparation of Agrobacterium suspension
Nine recombinant Agrobacterium strains (10RG105, 20RG105, 30RG105, 10UG105; 30RG404, 20RG404, 20UG404; 30RG281, 30UG281) were selected for transformation of two sugarcane cultivars FN81-745 and Badila. Each Agrobacterium strain was grown at 28 • C, 200 rpm for 48-72 h until OD600 ≈ 0.5 in LB medium with addition of corresponding antibiotics (25 mg/L rif, 25 mg/L str or 25 mg/L chl). Bacterial pellets after centrifugation were suspended in 20-fold volume of the four kinds of media volume, MG1, MG2, MG3 and MG4 (pH 5.8, without antibiotics) ( Table 1) , and incubated at the same conditions for 2-5 h to induce the Agrobacterium gene expression of virulence region, until OD600 was at 0.2, 0.4, 0.6, respectively, for infection.
Infection and co-cultivation
Sugarcane embryogenic calli for A. tumefaciens-infection were cut into small pieces with 2-4 mm diameter, and dried for 10 min in the flowhood, then dipped in different A. tumefaciens suspensions for 10-20 min. Infected callus pieces with 2-4 mm diameter were incubated in M1 medium for 3, 4 or 5 days in the dark at 27 • C. After that, calli were washed for 3-4 times in sterile distilled water, then inoculated on the selective M2 medium plates (MS salt with 1.5 mg/L KT and 2 mg/L 6-BA) for 2 weeks. Selective M2 medium contained 500 mg/L carbenicillin disodium and one kind of the three selective reagents: 30 mg/L Hyg, 30 mg/L G418 or 0.75 mg/L PPT.
Selection and regeneration of transformed plants
Resistant calli were subcultured in the same fresh M2 selective medium every 2∼3 weeks, incubated at 26 • C under 16 h light photoperiod (2000 lux intensity) to induce the putative transgenic shoots regeneration. Putative transgenic shoots with 3-4 cm high were separated and subcultured onto the selective rooting medium M3 (1/2 MS salt with addition of 1 mg/L NAA and one of 30 mg/L Hyg, 30 mg/L G418 or 1 mg/L PPT). All callus regeneration and propagation culture media were supplemented with 500 mg/L carbenicillin disodium for elimination of A. tumefaciens.
Large shoots with roots were transferred to the soil and acclimated to glasshouse conditions.
DNA isolation and PCR-Southern analysis
Total genomic DNAs of putative transgenic sugarcane plantlets were isolated from 0.2-0.5 g of young leaf samples on the basis of a CTAB protocol (Luo et al. 2000) . The DNA concentration was quantified on a 0.8% agarose gel stained with ethidium bromide by visual comparison with known quantities of DNA marker.
Resistant plants genomic DNAs were used as templates to amplify GNA mature protein gene fragment by PCR using primer 1: 5'GCGGATCCATGGACAATATTTTG-TACTCC3' (29 bp) and primer 2: 5'TGGTCGACTCATC-CAGTAGCCCAACGATC3' (29 bp).
A 330 bp PCR fragment representing the coding region of GNA mature protein from pC10RG was amplified by PCR using primer 1 and primer 2. The fragment has been sequenced and verified as the coding region of GNA mature protein. The 330 bp PCR fragment was labelled with DIG using DIG-High prime DNA Labelling and Detection kit (Boehringer) and used as hybridization probe. PCR products were purified by Wizard DNA Clean-up system (Promega) from agarose gel respectively. Retrieved PCR products (which were named PCR-Southern Blot) and their corresponded genomic DNAs of putative transgenic plants were blotted onto Hybond-N + membrane (Amersham). Hybridization was performed according to DIG kit manual protocol. Hybridizing dots were detected by dipping colour solution and photographed.
Identification of transgenic sugarcane plants resistant to woolly aphid
Fecundity and survival were used for assaying transgenic plants resistance to woolly aphids according to Wu et al. (2000) under glasshouse conditions. Three nymphal aphids of second instar larvae were inoculated onto every the middle leaves of each transgenic and non-transgenic control plants respectively. Progeny quantity of each mother aphids was recorded, and the larvae were removed every day until the mother aphids died, which were used for calculating fecundity. Aphid population was investigated by inoculating six second instar larvae onto leaves of transgenic plants and the non-transgenic control plants separately. The number of the aphid colony was surveyed every day for twenty days.
Results
Size of embryogenic calli and its dry treatment Explants could contact with A. tumefaciens cells fully during 10-20 min immersion. The lesser callus volume, the larger contact surface area was. Calli pieces with 2 mm diameter were suitable for infection material. Before co-cultivation, callus should be dried with sterile filter, and left in the flowhood for about 10 min. Otherwise the small pieces calli would be sticked with each other, which are difficult to separate. If the calli are not dried by sterile filter, it takes a long time (about 1-2 h) in the flowhood to dry them, which can result in severity damage and losing shoot regeneration ability.
A. tumefaciens concentration (OD 600 ) for infection and co-cultivation time Up to now, there is not a suitable A. tumefaciens concentration for any sugarcane cultivar transformation. The two cultivars FN81-745 (sugar use) and Badila (fruit use) had not been transformed before. So the three concentrations (OD 600 ≈ 0.2, 0.4 and 0.6) of A. tumefaciens were designed to determine the best OD 600 range for the experimental cultivars infection.
Little differences were observed during 3-5 days of co-cultivation. After infection and co-cultivation calli were transferred onto selection medium containing 500 mg/L carbenicillin disodium. A. tumefaciens lawn first appeared on the OD 600 = 0.6 petri dish around callus at the 4 th day; A. tumefaciens colony appeared lastly on the OD 600 = 0.2 dish at the 10 th day. With the OD 600 = 0.4 (between OD 600 0.6 and 0.2), colony appeared on about the 7 th day. A. tumefaciens contamination still existed in OD 600 = 0.6 dish through bacteria-free treatment for many times. The contaminated calli grew slowly and regenerated difficultly with- out resistant shoots produced. While less A. tumefaciens colonies were presented on OD 600 = 0.2 and OD 600 = 0.4 petri dishes and disappeared after subculture and bacteria-free treatment for 2 ∼ 3 times, more resistant shoots were regenerated. Experiments showed that OD 600 = 0.2 ∼ 0.4 were optimal to obtain high transformation efficiency and high cell survival. When OD 600 ranged from 0.2 to 0.4, A. tumefacines was in the first half period of logarithmic multiplication phase and had high infection ability. Whereas over OD 600 = 0.6, the suspension had too much cells to compete for oxygen resulting in decreasing of the infection ability.
Effect of four kinds of media for suspending A. tumefaciens on transformation efficiency Plant media for A. tumefaciens infection are different (Arencibia et al. 1998; Elliot et al. 1998) . Therefore four kinds of media (Table 1) were designed for suspending A. tumefaciens, in which the major differences were the MS salt, acetosyringone concentration and sugar types. The four kinds of media did not affect A. tumefaciens growth ability, but affected transformation efficiencies ( Table 2 ). The best results were obtained from MG 2 . Supplementing or not the MG 2 media with acetosyringone during co-cultivation displayed no difference in frequency for resistance callus regeneration (Table 2 ). This means that MG 2 together with cocultivation without acetosyringone was the best combination with low cost and high transformation frequency.
Strains of A. tumefaciens and selection marker genes
Embryogenic calli were co-cultivated with one of the A. tumefaciens strains EHA105 (10RG105, 20RG105, 30RG105, 10UG105), LBA4404 (30RG404, 20RG404, 20UG404) or A281 (30RG281, 30UG281), respectively. Resistant shoots regeneration of putative transgenic plants was observed 2-3 weeks after transformation. Infected calli were transferred onto a selective callus induction medium M2 with addition of 30 mg/L Hyg (10RG105, 10UG105), 30 mg/L G418 (20RG404, 20RG105, 20UG404) or 0.75 mg/L PPT (30RG404, 30RG281, 30UG105, 30UG281), respectively. Different strain and selective marker combinations showed significant different transformation efficiencies (Tables 3, 4 ). Resistant shoots grew well, while non-infected control treatment did not show continuous growth and turned brown in selective M2 medium (Fig. 2) . Frequencies of resistant shoot of EHA105 were the highest, those of LBA4404 were the lowest and A281 was in the middle ( Table 3) . Frequency of resistant shoots of Hyg and PPT were higher than that of G418 (Table 4 ). The EHA105 combined with hpt II and bar gene were the best for sugarcane embryogenic callus transformation.
Effect of transformation of two cultivars
Totally 256 resistant plants were obtained, in which 70% (179) were FN81-745, whereas only 30% (77) were Badila. Resistant shoots of FN81-745 regenerated earlier and grew faster than those of Badila. Badila calli were easy to turn brown and died even if the medium was supplemented by PVP and active charcoal powder. More whitened shoots regenerated from Badila calli. It is obvious that transformation of Badila were more difficult than that of FN81-745. Sugarcane transformation efficiency was thus affected by the cultivar genotypes strongly in this experiment.
Integration of foreign genes in the sugarcane genome
Most resistant shoots were too small to extract genomic DNA, part of which died due to mixed microbial pollution in the later selective rooting media. Two thirds were grown in the flasks. One third was planted in the greenhouse and all of them were normal in development and morphology. Only 10 resistant plants were large enough to isolate the genomic DNA. PCR analysis was carried out to confirm the integration of GNA gene into five transgenic plants genome (Fig. 3) , each of which had one 0.33 kb band with the same sizes of GNA mature protein gene. Genomic DNAs and their amplified products of positive-PCR resistant plants and non-transformed plants were fixed in membranes for hybridization with GNA probe separately. Five hybridized dots of transgenic plants showed that the PCR products were the same as the GNA gene, while the nontransformed plants without hybridized dots, which confirmed the five PCR positive plants, were really transgenic plants again (Fig. 4) .
Resistance to aphid trial Ten transgenic sugarcane plants and their asexual offspring and the non-transgenic control were inoculated by woolly aphids respectively corresponding to the number of plants in Table 5 . Woolly aphids propagated by parthenogenesis. Total progeny number, times of appearance of newly laid nymphs and population growth quantity are shown in Table 5 . Bioassay results showed that transgenic sugarcane plants decrease the overall fecundity (production of offspring) and survival (population density) significantly. Transgenic GNA sugarcane plants displayed aphid-resistance, which retarded the insect development, and had a deterrent effect on wooly aphid feeding. Aphid population density on the transgenic plants was reduced by 60-80%, even over 95% (plant 5 and 6, Table 5 ) for some individual transgenic plants. It is worth mentioning that in the future is will be necessary to achieve the genetic stabilization resistance to the aphid of these transgenic plants.
Discussion
Our success in the production of transgenic sugarcane plants mediated by A. tumefaciens was based on the combination of several factors. The first was the use of embryogenic calli as infection starting material, which possess high competence of the cells for T-DNA transfer process as well as high regeneration ability. The second was the optimization of plant media for A. tumefaciens infection and the best selective concentration of each screening chemicals (Hyg, G418 and PPT). One of the key factors was the use of acetosyringone and glucose. The results of four media (MG 1 , MG 2 , MG 3 , MG 4 ; Table 1 ) showed that MG 1 (only glucose) and MG 3 (only acetosyringone) had similar transformation efficiency and were higher than MG 4 (acetosyringone + glucose + fructose). The highest transformation efficiency was MG 2 (acetosyringone + glucose) suggested that acetosyringone and glucose had increasing effect each other, but without increasing effect in the combination used in MG 4 (Table 1 ). It means that the best was the medium MG 2 in which acetosyringone promoted VirG activity of A. tumefaciens and glucose stimulated VirB gene expression. When fructose was added into the medium with acetosyringone and glucose, the transformation efficiency decreased; its reason needs to be studied in the future. Two co-cultivation styles, M 1 with and without acetosyringone, did not show differences on transformation results. The best method therefore was to use the MG 2 for infection and M 1 without acetosyringone for co-cultivation. To obtain higher transformation frequency seems to be cheap and easy; the observation different from the results reported by Arencibia et al. (1998) . Activation of the A. tumefaciens virulence genes is the key to plant transformation. Phenolic compounds (such as acetosyringone) have been identified as inducers of virulence genes in case of tobacco and rice (Stachel et al. 1985 , Schafer et al. 1987 Chan et al. 1992) . The results of this paper confirmed that both acetosyringone and glucose could be used as inducers of virulence genes despite the molecular bases for plant transformation are not yet well known.
Co-cultivation of sugarcane calli with A. tumefaciens carrying super-binary vectors resulted in efficient recovery of transgenic plants. In this research, both EHA105 and A281 provided successful results. The best was EHA105, while LBA4404 did not provided satisfied results in comparison with the other two strains.
Three selective markers (Hyg r , G418 r , PPT r ) displayed different transformation frequencies, in which the best was Hyg for sugarcane; G418 was close to PPT. Npt II was used in dicot plants previously, but gramineous culture cells possess natural resistance to kanamycin, which was replaced by G418. G418 is more expensive than kanamycin. The monocot crop transformations were therefore inclining to the use of hpt II and bar genes. Antibiotics resistant genes are important to select transformants early, which do not benefit transgenic plants themselves, especially when considering transgenic security. Presently transgenic plants without antibiotics resistant genes are generally welcome. Therefore the best is bar, which was not only used as selective marker but also as one of the goal genes for sugarcane. Transgenic sugarcanes have not risk of producing super weeds with resistance to herbicides since the cultivated sugarcanes almost do not bloom.
Promoter affected objective gene expression strongly. The CaMV35S promoter (35S) was first investigated for sugarcane (Arencibia et al. 1998) , which results in poor expression. The report of Elliot et al. (1998) documented that 35S promoter was used to affect the sgfp65T expression before the plant had reached 70 cm height. In contrast, maize ubiquitin promoter (Ubi) maintained the sgfps65T expression to large (70-200cm) transgenic sugarcanes. So 35S is not suitable for high expression of target genes in transgenic sugarcane plants. For this reason, we selected Ubi and RSs-1 promoters to start the GNA gene expression. RSs-1 from rice may be useful for sugarcane transformation because RSs-1 drives the GNA expressed only in phloem. The highest resistance to woolly aphid (Table 5 , plants 5 and 6) were driven by RSs-1, which suggested that GNA ex-pression driven by specific promoter was stronger than that of Ubi. Inhibition strength to aphids of different transgenic plants displayed various effects. It is therefore important to select high efficient expression GNA transgenic clones with strong insect resistance. We will evaluate function of the two promoters and phenotype variance of resistance to woolly aphid in FN81-745 and Badila and their offspring in later experiments systematically.
Previously it was shown that Agrobacteriummediated transformation in monocots such as rice, maize, sugarcane and banana offered several advantages, such as technical simplicity, minimal genome rearrangements in transformants, low copy number and the ability to transfer long stretches of DNA (Manickavasagam et al. 2004) . In this study, PCR-Southern blotting was used to confirm the PCR detection results about the GNA integration. The procedure was simplified by deprivation of genomic DNA digested with restriction enzymes and DNA fragments in the gel transferred. Pre-hybridization and hybridization with DIG (non-radioactive) probes was secure and produced blue coloured dots visually, which could be popularized in the other important sugarcane cultivars.
Transformation efficiencies obtained in this work are higher than those reported for sugarcane before (Arencibia et al. 1988; Arencibia & Carmona 2006) . The efficiency would be raised if microbial contamination could be prevented completely. Although sugarcane transformation frequency using Agrobacterium is currently lower than that of microprojectile bombardment, the advantages of this technique and potential improvement should make the Agrobacterium the method of choice for genetic transformation of sugarcane. The results presented in this article can be used as a good example of this. Marker gene and introduced objective gene GNA were transferred into the important sugarcane cultivars FN81-745 and Badila. We suggest that this efficient system should be extended to transform other commercial cultivars. It is claimed that GNA is the first transgene to exhibit insecticidal activity towards woolly aphids in sugarcane.
